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ABSTRACT

We have detected the ‘1’ Tauristar, 1)0 Tau ri, in a 0.6"-resolution VLA
map of 43.3 Gllz (A= 7 mm) continuum emission. Upper Tim its to the flux
densitics al 8.4 and 22.5 Gl1zlimit the contribution of frce- free emission
due to a comipact ionized wind to less than 49%. A power- law fit to our
continuum measurcements from 43.3 {o 232.0 Gllz yields a spectral index, o,
of 2.394-0.23 for the continuum emission, where 14, o«#?. This confirms that
the 43.3 GHz cinission is thermal radiation from circumstellar dust and leads
to a dust emissivity index, 3, of 0.3940.23,if the emission is optically thin.
I'itting a miodel of a thin circumstellar disk to t he observed spectral energy
distribution results in 3 =0.64: 0.3, consistent with the power-law derivation.
This emissivity index for dust in a circumstellar disk around a young ‘1’ Tauri
star is substantially lower than is typical for theinterstellar mediumand may

imply a short formation time for mm-size grains.
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1. Introduction

Atlcast .50% of ‘1" Tauristars ('1’1's) appcar to be surrounded by circumstellar dust
disks (Stromet al. 1989; Beckwith et al. 1WO, hereafter BSCG: André & Montmerle
1994; Henning & Thamim 1994; Osterloh & Beckwith 1995). Global disk propertics can
be inferred from models of spectra] cnergy distributions (SISD) from in frared to millimeter
wavclengths (Adams, Lada, & Shu 1987; Beckwith & Sargent 1993; Mannings & Fimerson
1994 ). Masses and sires arc similar to thosc assumed for the carly solar nebula, suggesting

that the disks | nay be protoplanctary (cf. BSCG; Beckwith & Sargent 1 993).

The models rely 011 assumptions about disk morphology and radial structure, and
about the nature of the constituent dust grains. Sul,-arcsccond resolution is necessary
to image the disks directly and mmcasure propertics 011 spatial scales of <100 AU at the
distance of the nearest star-forming regions (1 40 pc). Grain size and composition in these
potentially planct-forming disks can be inferred by determining the spectralindex, /3, of the
grain opacity (cf. Pollack ¢t al. 1994) when thermal radiation from dust particles in the disk
is optically thin. At wavelengths longer than 3mm, the emissionis likely to be optically
thinand is well into the Raylcigh-Jcans part of the Planck curve. Although dust continuum
radiation has been detected froma number of ‘I''J's at A= 3 mm (Sargent & Beckwith 1993
and references therein), no thermal emission has been detected unambiguousl y at longer
wavclengths (Mundy et al. 1993). The required spatial resolution and mJy sensitivities can

now be achiceved using the VLA at wavelengths of 7 1nm and beyond.

DO Tauri is a young (~6.0 x10° yrs), low-mass (~0.7 M), “1""1's in the Taurus star
formation complex at a distance of 140 pe. The SED) is consistent with the presenice of a
~0.01 My circumstellar disk (BSCG; Beckwith & Sargent, 1991, hercafter BS; Mannings
& Finerson 1994). Asymmetric, blue-shifted, [01] and [S11] forbidden line cimission
(Appenzeller, Jankovics & Ostrcicher 1984; Iidwards ot al. 1987; Fdwards, ha-y & Mundt
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1993) is resolved as anoptical jet at A 70° (1lirthet al. 1994). The jet is approximately
orthogonal to the direction of lincar optical polarization}, I'A ~ 170° (Basticn 1982), and
to the long axis of CO (2--}1 ) cmission detected in aperture synthesis images of DO Tau,
PA~ 160° (Kocrner.Sargent 1995). Kinematic models of the molecular line emission are
consistent with the presence of a circumstellar disk that is centrifugally supported within a

radius of 350 AU {rom 150 Tau (KKocrner 1994).

Here, we report on sub-arcsecond images of the A = 7 i cinission from DO Tau which
were made using the recently upgraded Very lLarge Array (VLA) of the National Radio
Astronomy Observatory’ . We have supplemented these measurements with continuum
observations of’ DO Tau al other wavelengths to sample the spect ral distribution cinission
from A= 1.3 mmto 3.6 cmand improve our understanding of grain propertics in the

circumstellar material.

2. Observations and Results

The VILA was used to observe DO Tauin radio continuum ciissionat 43.3, 22.5, and
8.4 Gz (A=7 mm, 1.3, and 3.6 cn). T'he phase center was offset 1% inboth RA arid Dec
fromthe stellar position of DO Tau (lHerbig & Bell 1 988), and the tot a bandwidth was 100
MHzinright and left circular polarizations. observations at 43.3 Gliz were carried out on
1994 April 3 4 with the inner seven antennas of the high-resolution A configuration, and
onh 1994 August, 20 with 10 inner antennas of the B configuration. Basclines up to 5.6 kin
provided UV coverage inthe range 30 800 kA. Onboth dates, DO Tau was observed at

22.5 and 8.4 Gllz using the remainder of the VILA’s 27 antennas. UV coverage was 50 2700

'NRAO is opcrated by Associated Universitics Inc. under cooperative agreement with the

National Science Foundation.




kA at 22.5 GHzand 20 1000kA at 8.4 Gllz. Absolule flux densitics were calibrated using

3C48 and 3C286 with an estimated uncertainty of 20%. At 43.3 Gllz, gain calibration was
accomplished with periodic observations of 0333-1321 with amecasured flux density of 0.98
+ 0.06 Jy. Al 2225 Gllzand 84 Gllz, the gain calibrator was 0400-1 258 with flux densities
0.654- 0.03 Jy and0.83+ 0.01 Jy, respectively.

Data calibration and mapping used standard routinics inthe NR AO AIPS software
package. Daytime atmospheric phase fluctuations during A array obscrvations necessitated
extensive editing and application of a Gaussian taper to the UV data, resulting in a
0.68” x 0.53" (FWIIM)synthesized beamat PA --78". This cortesponds to 95x 74 AU
at the 140 pc distance of the Taurus molecular cloud (Elias 1978; Kenyon, Dobrzycka,

& Hartmann 1994). IMg. 1a displays the CLIANed image of DO Tau at 43.3 Gllz. An
unrcsolved source with flux density 1.80 £:0.71mJy is detected at the stellar position,
«(1950) = 04"35724.1 9%, §(1950)= 26 °04'54.5". The +0.71 mJy uncertainty includes
rms variations in the map (4 0.35 mJy bi"] ) and apossible 20(X error inabsolute flux
calibration. At 22.5 and 8.6 Gllz, 1)() ‘I’au was not detected within the arca encompassed

by the 43.3 Glzsynthesized beam to 3o levels of 0.76 and 0.17 mJy, respectively.

observations were madc with the Owens Valley millimeter array at 89.2, 111.2, 221.5,
and 232.0 Gz (corresponding to A= 3.4, 2.7, 1.4, and 1.3 mm)between 1993 September
and 1995 March. Mcasurcements at 89 G11z were made with six telescopes; four were used at
110 GHz,and five al 220 and 230 Gllz. overall I1\~-ranges were 5 60 kA (89 GHz), 5- 25 kA
(110 G11z),and 1055 kA (220 1z and 230 Gllz). Resulting FWIIM synthesized beams are
listed inl'able I. Atitenna gains were determined {roin periodic observations of 0528+134
and absolute flux density calibrat ion was based on nicasurenients of Uranus. 1 )ata were
calibrated using the Owens Valley software package, MMA, and mapped with AII’S. At all

four frequencies, continuwin emission is unresolved and peaks al the position of the VLA




43.3 Gllx 1 nage Aperture synthesis maps at 89 and 220 GHyz arc displayed in Fig. 1b and

¢. Mcasured flux densitics at all frequencies are listed in Table T and displayed in Fig. 2.

3. Modeling and Discussion

Our measurements of DO Tau between 8.4 and 230 GHz can be fit by a single power
law, I', oc 7, with index o = 2.394:0.23, shown as a solid line in I'ig. 2. Farlier detections
of radio emission from 1'T's al wavelengths greater than 1.3 em yiclded values of o between
0 and 1 (Bicging, Cohen & Schwartz 1984) and have been altributed to frec-free emission
from ionized outflows (Reynolds 1986). Extrapolating from the upper limit of 8.4 Gz
emission with « = 1 (dotted line in figure 2), we estimate that no more than 49% of
DO Tau’s 43.3 Gllz cmission can arisc as {ree-free radiation from an ionized jet. The
millimeter-wave emission suggests that all the observed flux originates from circumstellar

dust.

The frequency of the mm-wave dust opacity, /3, can be derived from a, since
a2+ /(14 A), where A is the ratio of optically thick to optically thin emission from
the disk (eqn. 1 of BS). At frequencies where emission from a circumstellar disk is largely
optically thin and the Rayleigh-Jeans approximation holds, 8 =~ « -- 2. For DO Tau,
continuum cmission appears to be largely optically thin, even at sub-millimeter wavelengths
(BS; Mannings & limerson 1994). We derive an estimate of 0.39 4. 0.23 for 8y _7,um, in good
agreement with the BS value of Bo.6-1umm, 0.4 4 0.2. There is no evidence for the change in

B longward of 2mm, cited by Mundy ct al. (1993) for a few other 17T's.

An cstimate of # can also be obtained by fitting thie spectral distribution of luminosity
Ly = AnD*vF, with a disk model which takes into account any contribution from optically
thick emission. Jollowing BSCG and Adams et al. (1990), we assumed power-law radial

profiles in disk temperature and surface density, 1" = To(8/ o)™ and Y = ¥o(IR/1%) 7P




with p = 1.5 or 1.75. The Il-lillill)ct,cir-wave: emissivity of the grains was given by x =
0.1(/10' 211 2)P cm? g-’ . The outer radius, Ry, was allowed to lake on values between 22
and 350 All; theformer is the lower limit to disk size if all A= linmemissionisoptlically
thick (11 S); the latter is the deconvolved half-maximum radius of the CO-cmitting region
(Koerner & Sargent 1 995). Aperture synthesis images of the CO emission suggest the
inclination angle of the disk, 0, is 40° (Kocrner e Sargent 1995). From the 12, 25, and
60 IRAS fluxes, which probe optically thick regions of the disk, we obtain ‘1’ = 218

I at 1 All with g = 0.54, very closc to the value derived by BSCG for a face-on disk.
Best-fit values of #and My, the tolal disk mass, were cstimated from the minimum reduced
x? value. Acceptlable fits, with x? falling within Ay? = 1of itsminimum value, were
found for the entire range of p and Ry values. The best-fit model, with = 0.6 £ 0.3,
Mg= 1,0 4+ 0.5 X 107> M), p = 1.75, Ry = 350 AU, antk Q) 77, is plottedinVig. 3 as
a solid line, along with the luminosity distribution derived from IR AS, sulymillimeter, and
millimeter observations of DO Tau. These parameters yield A ~0.28 at A = 3 mm (using
eqn. 20 of BSCG) and make possible a revised estimate of 8 from {he power-law fit to data
p rese lt,cd] iere. For A = 0.28 and o= 2.39, we obtain#= 0.504 0.23, in good agrcement,

withthe value obtained from the disk- model{it to the entire luminosity distribution).

For the ISM, it is commonly assumned that 3 is about 2 in the wavelength region
consideredhere (Mathis1990), although values as low as 1.3 have been obtained from
laboratory studies (Agladzc et d. 1994). Low values of 3 in I-"Tauri dust disks have been
inferred from sub-millimeter observations (BS; Mannings & Fmerson1994), but optical
depth eflects and insuflicient spectral coverage introduced considerable uncertaint ies. The
derivation for DO Tau is constrained by denser sampling at sub-millimeter wavelengths and
wider spectral coverage at longer wavelengths. Nevert heless, we obtaina surprisingly low

value of 3, between 0.39 and 0.6.




A variety of physical and chemical explanations for low values of /3 have been proposed
(Wright 1987; BS; Kriigel & Sichenmorgen 1994; Ossenkopl & Henning 1994; Pollack et
al. 1994), including grain growth (Miyake& Nakagawa 1993). If the average grainsize is
steadily increasing, reflecting planctesimal formation in the late ' Tauri phase, 38 should
decrcase as disks age. llowever, DO ‘I'au is relatively voung, ~ 6 x 10” yrs, withan outflow
typical of an active disk, implying a very short timescale for grain growth. Recent 7 1min
images Of a sourccal avery early st age of protostellar evolution, 111124MMS, also yield a

low value of 8 (Chandler ct al. 1995).

Grain sizes of less than 1 1 could explain our value for 4 (d'. Miyake and Nakagawa
1993). Theoretical timescales for production of min-size particles in the carly solar nebula
arc quit ¢ short (~ 100 yr) (cf. ¥ig.19, Cuzzi, Dobrovolskis, & Champney 1993), consistent
with our obscrvations. Other cffects cannot be ruled out, however, and the valuc of 3 at
a later planct-forming stage of disk cvolution when dust is decoupled from the gas and
settles into the plane may be different again, since collisions which lead to accumulation
of planctesimals also gencerate a substantial population of smaller dust grains (Lissauer &
Stewart 1993). Long mm-wavelength observations of a statistical sample of ‘1'1's with a

range of ages arc clearly required to address this problem.

We are grateful to 1). Wood for ‘assistance during the first scason of 43 G1lz observations
at the VLA. D.W.K. acknowledges support for this work from NASA grant NG'T-51071
and a fellowship from the National Rescarch Council. The Owens Valey millimeter-wave
array is supported by NSI grant AST-931 4079. Rescarchby A1 .S, onprotoplanctary disks

is furthered by NASA grant NAG W-4030 fromthe “Origins of Solar Systeins” program.




I'requency Flux 1 Jensity  Statistical Total Synthesized  Beam  Parameters

(GHz) (mJy) error (13 y) error (mJy) B Boin A
84 <017  (30) . .. 0.41" 0.38" 120°
225 <076 (30) . . . 0.25" 0.23" _10°
43.3 1.80 0.35 0.71 0.68" 0.53" -78°
89.2 14.2 0.9 3.74 2.86" 2.10" §2°
111.2 30.2 4.5 10.5 13.0" 54" -69°
221.5 98.6 4.9 24.2 3.98" 3.15" 62°
232.0 137.5 49 32.4 3.41" 315 —-84°

‘1'able 1:Radio (VLA) andmm-wave (OVRO) Continuum Flux Densities from 1)() Tauri.

Total errors include 20% uncertainty inthe absolute flux density calibration.
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a) VL Aimage of 1)() Tauriat 43.3 GHz. Continuum emissionis associated with

Contours arc scparated by 0.35 mJy (1 0), starting atl

the 20 level; b) Owens Valley array map of 89.2 Gllz continuum emissiom from DO Tauri.

Contours arc spaced at 2o intervals of 1.8 mJy. The position of the 43.3 Gllz emission is

marked witha cross; ¢) Owens Valley array mnap at 221.5 Glz. Contours arc al 20 intervals

of 9.8 mJy and begin at the 20 level. At cach frequency, the synthesized beam is shown in

the lower left corner of the map.
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Continuum Spectrum of DO Tauri
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Iig. 2.- Continuum measurciments of DO Tau as a function of frequency. Only upper limits
arc plotted at 8.4and 22.5 Gllz. A power-law {it to flux densitics at 443, 89, 110, 220 and 230
Gllz with spectral index o = 2.394:0.23 is shown as a solid line. T'he dashed line represents
an extrapolation fromthe 8.4 Gllz limit witha = 1.0, typical of anionized stellar wind.
The percentage of 43 Gz flux that could arise from aniionized jet is cvidently less than

19%.
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DO Tauri Spectral Luminosity Distribution
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Iig. 3.-  Spectralluminosity distribution of 1)() Tauri. Plotted measurements are from
thiswork (find circles), BSCGandBS (find squaws), Adamsectal. (1990) (opensquarcs),
Weintraub et ar. @ 989) (filled triangles), Mannings & Emerson (1 994) (opendiamonds),
and Weaver & Jones (1 992) (opeiitriangles). Brror 1hars arc shown only if larger than the
symbol. The solid line represents the expected emission from a thin circumstellar disk with

paramecters as given in the text.



